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ABSTRACT 
This repor t ,  the th i rd  
ana ly t i ca l  and experimental 
of  a s e r i e s ,  ou t l ines  the  progress made on an 
investiEation of  the visco-type shaf t  sea l .  
This research i s  bein? conducted under Research Grant r?isG-587 sponsored by 
The Rational Aeronautics and Space Administration. 
A cr i t ical  review of  a l l  available data  l e d  t o  the iden t i f i ca t ion  of 
snec i f i c  a reas  which require ana ly t ica l  and/or exmrimental  study. Based 
cn t h i s  study an experimental f a c i l i t y  was designed t o  permit the  e x p r i -  
r e n t a l  invest igat ion of those Froblems relevant t o  the  United S t a t e s  space 
a c t i v i t y .  
i s  described. 
The t e s t  f a c i l i t y  construction, which i s  e s s e n t i a l l y  complete, 
ii 
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I. D T R O E U C T I O N  
An invest igat ion embracing the theory and performance of the visco- 
type shaft  s ea l  under laminar and turbulent conditions was s ta r ted  on 
April  15, 1964 a t  TIE University of Tennessee i n  the Cepartmnt  of  
Nechanical and Aerospace Engineering. 
ducted f o r  The National Aeronautics and Space Administration under 
Research Grant FsG-567, and t h i s  report  p resents  the progress o f  the 
invest ipat ion f o r  t h e  period - October 15, 1964 thrrugh Apri l  15, 1965, 
The invest igat ion i s  being con- 
Background infcrmation indicat ine the  reasclns f o r  the i n i t i a t i o n  
o f  this study and a resume cf Frevious invest igat ions of the visco seal 
has been previously reported (1). 
11. O B J E C T I V E S  
The general objective of t h i s  program is  the theo re t i ca l  and 
experimental study of the visco seal under laminar and turbulent 
conditions. Considering previous work and the current needs of the 
space e f f o r t  the spec i f ic  tasks incorporated as pa r t  of t h i s  inves t i -  





5 .  
6 .  
Experimental ve r i f i ca t ion  of the optimurr seal geometry suggested by 
ex is t ing  laminar visco seal theor ies .  
Development of a turbulent theory of visco seal perforrance. 
PeterrnLnation of  the optixrum seal geometry f o r  turbulent  conditions. 
Experimental evaluation of the seal ing coef f ic ien ts  and d iss ipa t ion  
function under turbulent conditions . 
Theoretical and ex re r imnta l  evaluation o f  the e f f e c t  of  eccen t r i c i ty  
on the  seal inp coeff ic ient  and d iss ipa t ion  function under laminar and 
turbulent conditions. 
Study of the  cause of "seal  break" and i t s  e f f ec t  on visco s e a l  
. 
I .  
. 








Invest iFat icn of t h e  a b i l i t y  of  the visco s e a l  t o  sus ta in  r ad ia l  
hydrodynamic loads and t o  generate self -aligning force s . 
Invest igat ion of the effect  of cyc l ic  pressure c h a n e s  on visco 
se a1 performance . 
Evaluation of visco seal performance when non-n'ewtonian f l u i d s  a r e  
employe6 a s  the sealant.  
Study of t h e  visco s e a l  performance , under both laminar and turbulent 
con?itions, when the  sealant f lu id  contains both the l iquid and vapor 
phases. 
Inve s t i a a t i m  o f  visco seal performance when operated a t  ambient 
pressures belcw the vapor r ressure  of t he  sealant.  
Cetennination of the e f f ec t  of thread shape on visco seal performance. 
111. ACTIVITIES 
F a c i l i t y  Construction 
T u r i n g  the period covered by t h i s  report t h e  major e f f o r t  has been 
devoted t o  the construction and assembly of the  experimental t e s t  
f a c i l i t y  which has been previously described (1). 
graph of t h e  t e s t  equipment which shows the general arrangement of the 
three mafor units:  (a) the t e s t  sect ion and dr ive stand, (b)  the 
hydraulic supply system, and (c )  the  instrument and control  stand. 
Figure 2 presepts  a close-up view of the t e s t  sect ion and dr ive t r a i n ,  
The t e s t  sleeve shown i n  Figures 1 and 2 i s  a d m y  u n i t  which w a s  
u t i l i z e ?  d u r i n q  the oDerational t e s t  of the tes t  sleeve s u ~ p o r t  bear- 
in- system. Th? t e s t  sleeve and one of the t e s t  spindles i s  shown i n  
F i m r e  3. 
Figure 1 i s  a photo- 
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The arranpemnt o f  t he  visco seal t e s t  sect ion i s  shom scherat i -  
ca l lv  i n  Figure 4. 
block by eight  hydrostatic r ad ia l  bearings and a hydrostat ic  thrust 
p la t e ,  Flow control  valnes are used f o r  compensation of t he  radial 
bearines and the thrus t  bearing i s  e f f ec t ive ly  o r i f i ce  compensated. 
The t e s t  sleeve i s  restrained i n  the sleeve support 
It was anticipated tha t  the or i f ice  compensated t h r u s t  p la te  might be 
subject t o  i n s t a b i l i t y ,  
t h e  sleeve sunport system, which employed a dumnry t e s t  sleeve, w a s  
conducted with no indicat ion o f  i n s t a b i l i t y .  
tes t  sleeve s u p ~ o r t  system i s  presented i n  Appendix A ,  
However, the preliminary operational check of 
The d e t a i l  design of the  
The  ra ther  complicated t e s t  slzeve s u p o r t  system w a s  d i c t a t ed  by 
the need t o  determine the e f fec t  of eccen t r i c i ty  on visco seal perform- 
ance and t he  need for  precise values of the d iss ipa t ion  function as  
indicated by objectives 4 arid 5 presented above. 
be positioned with eccen t r i c i t i e s  from zero t o  0.003" which w i l l  permit 
t he  v isco  sea l  t o  operate a t  eccent r ic i ty  r a t i o s  from zero t o  a 3 r o x i -  
mately 0.9 depending upon the  Dart icular  t e s t  spinZle being used. 
The t e s t  sleeve can 
The design of the t es t  spin6le i s  shown i n  Figure 5 which also 
includes the i n i t i a l  thread dimensions of each of the  first t e n  tes t  
spindles. Sr indles  2 through 10 are scheduled f o r  t w o  regrinding 
operations which w i l l  nrovide t h e  n o s s i b i l i t y  of  28 t e s t  geometries. 
Table 1 shows the t e s t  spindle thread parameters current ly  being 
considered. 
1. The hydraulic supply system has been completed and an operational 
check of the t e s t  sleeve support system has been s a t i s f a c t o r i l y  
concluded. 






The main visco sea l  t es t  stand has been completed. 
checks have been made on the spindle drive t r a i n  and the  sealant 
supply and pressure control system. 
The instrument and ccntrol panel has been c o q l e t e d  and operational 
checks and ca l ibra t ion  are i n  progress f o r  t h e  visco seal torque, 
speed,  pressure , and clearance indicat ing systems e 
Ten t e s t  spindle blanks (complete except f o r  threads) have been 
machined and the thread geornetry shown i n  Table 1 has been finished 
f o r  spindles 1 through 4. 
Operational 
Analysis 
While t h e  rnacior e f fo r t  has been devoted t o  the  construction and 
operational t e s t i n p  o f  the experimental apparatus, p a r a l l e l  study and 
analysis  has continued during t h i s  repor t  period, 
A d e t a i l  ana lys i s  of the  visco s e a l  under a l l  operation conditions 
has been un2ertaken. 
laminar concentric operation has been cornFleted ( 2 )  . 
of t he  study dealing w i t h  turbulent concitions is  approximately 10 
percent complete. 
of t h e  qrant dea ls  with the turbulent operating conditions with pa r t i c -  
u l a r  emphasis being placed on the  optimum thread parameters. Depending 
upon the  progress of t h i s  l a t t e r  study, the  f r ac t iona l  f a c t o r i a l  lambar 
experiment may be d e l a y e d  by f in i sh ing  spindles  5 thrcugh 10 with 
thread dimensions which are nore desirable f o r  turbulent  operation. 
The f i r s t  Tart  of  t h i s  study which considers t he  
The  second p a r t  
I n  ac ' d i t i on ,  a t h e s i s  being prepared under auspices 
A second t h e s i s  dealing with the d e t a i l  design and f ab r i ca t i cn  of  
the visco s e a l  experimental f a c i l i t y  i s  approximately 75% complete. 
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A = F i r s t  r e g r i n d  
E = Second r eg r ind  
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t o  be subrittec? a s  revor t s  t o  NASA, 
A comparative study of the concentric laminar visco s e a l  theor ies  was 
s t a r t ed ,  
and Foon and T a l  ( 5 )  are  used t o  comute the visco s e a l  p r f o m n c e  for  
I n  t h i s  e f f o r t  t h e  t h e w i e s  presented by Asamma ( 3 ) ,  Zotov ( h ) ,  
the  same seal geometries. 
presented by Mc2rew and Mchgh (6), am? the B o m  and Tal theory employed 
The Zotov theory u t i l i z e d  i s  the modified form 
i s  i n  the modified form presented by S t a i r  ( 2 ) .  Vhile this work i s  not 
complete, t he  sealing c e f f i c i e n t  based on these three  analyses i n  m a -  
r ized  i n  Table 2, While the  differences i n  the seal ing coef f ic ien ts  as 
determined by these three theories are m a l l  l b  many cases, d i s t i n c t l y  
e i f f e ren t  pa t t e rns  are noted. An atterrpt i s  being mace t o  r e l a t e  these 
differences t o  the assumptions eq loyed  i n  the  various aralyses ,  
tke rerforrcsrce - r o f i l e s  beip- i?vcl?cpo,C: bJr t h i s  study w i l l  be used in the  
Also ,  
c s v a r a t i v e  e v a l u a t i m  of the d a t a  prochco? i n  the  experjmrAal inves t i -  
cation. 
The revizw an? evaluation of t e c h i c a l  rub l ica t ions  dealin? with the 
A l s o ,  a v i sco  seal and r e l a t e?  devices has contirslec' d u r i n c l  t h i s  period, 
l i r i t e d  e f for t  has beell invested in t 2 . R  s t u d y  o f  current ly  prpposed space 
power amara tus  i n  an e f f o r t  t o  see how the visco sea l  may be applied and 
the  problems which might be anticipated,  
A c t  i v i t y  Leve 1 
During the  period CIctober 15, 196L - Apri l  15, 1965 the  following 
p r s o n n e l  were working on visco seal research: 
W. K. S t a i r ,  Director,  - I/L time 
C, F. Eowmn, Graduate Assistant - 1/3 time 
R. H, Hale, Waduate A s s i s t a n t  - 1/3 time 
-7- 
TABLE 2 


























5 13 .O 
7 13.8 
13 .5 
1 7  .9 
u. .9 
1 2  -1 
17.4 
13.5 
1 2  .9 
17.9 
12.9 
0.3 3 12.4 
0 -3 5 15 .o 
0.5 3 1 1 . 2  
C 05 5 lL.4 
0 05 7 22.8 
0.7 3 1 2  *4 
0.7 5 15 .o 
0.7 7 23 02 
0.3 7 23 0 2  
based on Boon an8 Tal theory 
base? on Zotov theory 

























































T h e  abpve schedule w i l l  be followed throuph June 5, 1965. 
June 1k throuph September 15, 1965 the  above Ferscnnel w i l l  devote f u l l  
time t o  the visco s e a l  project ,  I n  addi t ion,  a t h i r d  yraduate a s s i s t a n t  
has been enFraged who w i l l  devote full t i r e  t o  the Frant for  the summer 
period . 
For the period 
'Iv. PROPOSED SCHTDULE 
During the  period A F r i l  16, 1965 - Cctober 15, 1965 the following 







Comlete nerfonn-ance t e s t s  and ca l ibra t ion  of a l l  v isco s e a l  
instrumentation. 
Conduct reprodiucibility t e s t  s e r i e s  using t e s t  spindle Pc?. 1 and 
mspare  a report covering t h i s  t e s t  se r ies .  
Conduct f r a c t i o n a l  f s c t o r i a l  experinent usinrr t e s t  spindles  Ne. 2 
through 60. 10 f o r  bcth laminar a d  turbuleRt flow. 
ser ies  i s  designed t o  provide data necessary t o  3 c c o v l i s h  the 
ob!ectives 1,3,h,S, and 6, under I1 above. 
Somlete  the analysis  of the tu rbu le r t  visco sea l .  
Prepare a s e r i e s  of t e s t  spindles having the nptimm geolnetry f o r  
turbulent  ogeration . 
NOTE: 
introduced ahead of the  t e s t s  scheduled i n  3 above. 
Prepare des5c.n drawings of t he  t e s t e r  modifications required t o  
i n v e s t i d i e  the hydrodynaric load capabi l i ty  of t h e  v isco  seal, 
This exper5ner.t 











axial length across land, inches 
axial length acrcss  grcove , inches 
r a d i a l  clearance, inches 
screw thread depth, inches 
screw t h r e a d  he l ix  an&, 6ezrees 
(h+c )/c, dimensionle ss 
b/(a+b), dinensionless 
sealing coeff ic ient ,  dirrensicnless 
. 
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APPEICIX - VISCC SEAL SLEEVE SUPPORT BEARING D E S I G N  I 
I 
The visco s e a l  t e s t  sleeve and spindle are  arranged as shown i n  
Figure 4. The support s t ruc ture  cons is t s  of a machined s t e e l  bearing 
I 
block incorporating eiEht hydrostatic raeial  p a d s  and a n  axial t h r u s t  Fad. 
The  radial load is due t o  the  weight of t he  test sleeve and the hydro- 
dynamic film force r e s u l t i n e  from eccent r ic  operation of the visco seal .  
Uneer planned operating conditions the e s t i m t e d  t o t a l  r ad ia l  load i s  of 
the  c rder  of 100 lb f .  
75 Ibf with short  duration loads o f  approx*ately 150 lb f .  
I 
I 
The s t e a d y  axial  load will be l imited t o  about 
The load  capacity of the suFport system i s  o f  minor imFortance i n  
t h i s  design since loads  of these magnitudes could be carried with r e l a t i v e l y  
small bearings. The primary purpose of the sleeve support bearings i n  tk 
v i scc  seal t e s t  apparatus is t o  permit: ( a )  t h e  precise measurement of the 
visco s e a l  torque wi th  a minimum res t r a in t  due t o  s t a t i c  f r i c t i o n ,  and (b)  
the Fosi t ioning of the t e s t  sleeve i n  order t c  control  t he  eccen t r i c i ty  






The arranyment  of one set of r a c i a l  p a d s  and the nomenclature i s  






1. The bearing leakage is axial only, 
The 
can 
* = constant, d l  
4. Steady incomre ss ib le  f low.  
annular s l o t  of thickness h i s  the leakage 




The leakage flow through the narrow s l o t  i s  
bpbh3 
= 1 2 p  
From Sketch l'Arl, b = 2rrD ( for  two sills). T h s ,  
flow path and, 
A S  h3 
P1 
Q = 0.524 
since 
Assuring pad cormensatipn by the  use of  flow control valves,  
-13- 
Am h3 
P Qp = 0.131 
Consider a rad ia l  load W along center l i ne  of pads number 1 and 3 i n  Sketch 
IcAc1. 
valve c o m n s a t i o n  i s  employed. Eowever, pl+ p3 and changes will occur 
i n  hl and h3. 
Upon appl icat ion of t h e  load W, Q1 remains equal  t o  Q3 i f  cont ro l  
Solving for  pressure from equation ( 5 )  
= 7.6h /cc Q3 1 
p3 Ch33 
For equilibrium, t h e  sum of v e r t i c a l  forces gives 
Fv = PIA1 + W - p-93 = 0 
The recess  and s i l l  areas are: 
AR = D a  s i n  , and 
8 As = 2El s in  7 
Based on assumption 2, t he  e f fec t ive  s i l l  a rea  is: 
. 
-1L- 
The  e f f ec t ive  pad area i s  the sun! of AR and ASE, 
= A = D(a+l)  s i n  3 - 7 '  
From (8) 
Let h3 = h - &  , an6 hl= h + 6  , 
where: h = mminal clearance, 
6 = displacemnt  cf sleeve axis. 
Subs t i tu t ing  (6) and ( 7 )  i n t o  (13) 
I?= 7.64 $U1*PK 
1 1 
(h - 6  )3 - ( h  + b  I3 where: K = 
I n  normal bearing r r a c t i c e  the control values would be adjusted f o r  equal  
values of for each pad with th pressure changes i n  the Fads compensating 
f o r  changes i n  load. I n  the  present appl icat ion,  however, the supply system 
w i l l  be adjusted t o  provide a fixed constant pressure and the motion of the 
sleeve center  w i l l  be accomplished by ad jus t ing  the  Qp values ,  
equatin? (6) and ( 7 )  
Thus, 
-15- 
De siln Sele cted 
I! = 4.25", a = 0.5l', 1 = l.Otl, h = 3" , Ap = 1000 psa. 
Ap = 4.25 x 1.5 x s i n  45 = L.51 in* 
The pads are  arranged with centers on the v e r t i c a l  and horizontal  center- 
lines a s  shown in Sketch "A". The selected hydraulic fluid viscosity is 
wQ= Temperature-OF 
100 6.5 x 
130 4.19 x loe6 
210 1.28 x 
A t  an  assumed average film temperature of llO°F,/CC = 5.6 x 
From equation ( 5 )  the f l o w  per pad under concentric conditions is: 
Reyns. 
The t o t a l  concentric flow ( f o r  eight pads) i s  
To det,enr.ine the s t i f f n e s s  of the  bearing, assume Qp i s  constant a t  the 
concentric value i n  each pad. 
of 8 = 0,001 may be found from equation (14). 
equation (15) gives a K = 1,094 x 10 8 . 
The load W required t o  produce a +eflection 
For h = 0.003 and 2 = 0.001 
7.6k x 2'69 x 5.6 x low6 x 1 x 4.51 x 1.094 x lo8 
4.25 Fi' = 
W 13,380 l b f ,  
Thus, the f i lm s t i f f n e s s  under concentric conditions i s  
k = 13,380/0.001 = 13.38 x lo6 l b f / i n .  
-16- 
For operation under eccentr ic  conditions the  flows t o  pads 2 and 4 
are assumed t o  remain e s sen t i a l ly  a t  the concentric pos i t ion  values. 
Evaluating equation (5) w i t h  Ap constant, 
= 9.95 x lo7 h3 b y s e c  0.131 x 1000 x 4.25 h3 
5.6 x x 1 B'  
For a & = @.o015i', hl =I O.@O&'l, h3 = 0.0015 I1 , and h2 = h4 0.003". 
The re fore , 
( f o r  8 pads) 
gpm 6 in3/se c 
e ,0005 22 -48 5.84 
0 -001 24 *34 6 -32 
0.0015 29.9L 7-77 
0.0020 36.56 9.48 
0 . 0025 44.78 11.63 
Each of t he  e igh t  flow control  valves selected f o r  t h i s  appl ica t ion  can be 
manually adjusted t o  de l iver  from 0 t o  1 9  in3/sec. 
Thrust Bearing 
Since the  t h m s t  c a p c i t y  i s  very low the function of the thrust bearing 
i s  t o  provide axial posit ioning with a minimum of ro t a t iona l  r e s t r a i n t .  The 
l e a k a e  flow over the  outboard sill of one s e t  of r ad ia l  bearings i s  used as 
t h e  supnly f o r  the t h r u s t  Fad which i s  arranged as shown i n  Sketch lrC1'. 
-1 7- 
Assmino steac7y incmmressible flw t he  ra6ial flow across tk t h r u s t  pad 
i s  
The flow fo r  concentric operation of the radial  bearinqs with p = 5.6 x 10' 
Rems and p = 1000 p s i  i s  5.38 i n  3 /sec which i s  the f l o w  over one s i l l  of  
6 I 
, 
one s e t  of r ad ia l  Fads. 
and the th rus t  suprly pressure p~ i s  unknown. 
FT var i e s  from 0 t o  150 lbf. 
For r = 2.125" r1 i s  selected as 2". Now, '2, hl I l 
However, the t h r u s t  force I 
I 
FT=,(pdA = mAE 
-18 
I -  
If r2 i s  selected as 1.75" then AE = TI in2, and 
150 pC = -= 47.7 psi f o r  maximum ax ia l  load  and n 
FD = - 75 = 23-85 p i  fpr norm1  axial load. 
IT 
I n  ( r ~ / q )  = I n  (2/l.75) = 0.133 
(From (17) the n o m a 1  thrust filn thickness i s  found a s  
= 6.3 x inches. 
=b x 6 x 5.6 x 10 
TI x 23-85 
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